etinoblastoma is a malignant tumor of the retina that occurs primarily in young children as a result of mutations in the retinoblastoma gene (RB), the first tumor suppressor gene to be identified. In about 35% to 40% of patients with retinoblastoma, an RB gene mutation is present in the germline, resulting in hereditary transmission of the disease. Most families with hereditary retinoblastoma demonstrate autosomal dominant inheritance with almost complete penetrance and high expressivity. However, some families display an inheritance pattern characterized by reduced penetrance and expressivity. Recent advances in our understanding of the structure and function of the retinoblastoma protein (pRB) now provide new insights into the molecular basis of this low-penetrance form of retinoblastoma. Low-penetrance retinoblastoma mutations either cause a reduction in the amount of normal pRB that is produced (class 1 mutations) or result in a partially functional mutant pRB (class 2 mutations).
Arch Ophthalmol. 2001; 119:1699 -1704 Retinoblastoma has played a critical role in our understanding of hereditary predisposition to cancer. Retinoblastoma occurs as a result of germline, hereditary mutations in 35% to 40% of patients, whereas the other cases are caused by somatic, nonhereditary mutations. Clinical observations of age at diagnosis, tumor number, tumor laterality, and family history led Knudsen 1 in 1971 to postulate the 2-hit hypothesis, a mathematical model that predicted the existence of recessive cancer genes or tumor suppressor genes. Central to this hypothesis was the concept that both cellular alleles of the putative retinoblastoma (RB) gene must be inactivated in a developing retinoblast for malignant transformation. Subsequent work confirmed the Knudsen hypothesis by identifying the RB gene on chromosome 13q14 and showing that this gene is mutated in retinoblastomas, [2] [3] [4] as well as other types of cancer. 5, 6 The RB gene was thereby established as the prototypical tumor suppressor gene. Most retinoblastoma families demonstrate autosomal dominant inheritance with almost complete penetrance and high expressivity. However, some families display a different inheritance pattern characterized by reduced penetrance and expressivity. Recent advances in our understanding of the structure and function of the retinoblastoma protein (pRB) now provide new insights into the molecular basis of this lowpenetrance form of retinoblastoma. These insights have improved the accuracy of diagnostic testing and family counseling for retinoblastoma and may eventually aid in establishing new treatment strategies.
In most families with retinoblastoma, 80% to 90% of gene carriers develop eye tumors (high penetrance), and most affected individuals develop multiple bilateral tumors (high expressivity). However, in some families a significant proportion of carriers remain unaffected (reduced penetrance), and many affected individuals have only unilateral retinoblastoma or benign retinocytomas (reduced expressivity). 7 The diseasedeye ratio, the ratio of the number of eyes containing tumors to the number of mutation carriers in a family, was devised to quantitatively identify low-penetrance retinoblastoma families by taking into ac-SECTION EDITOR: LEONARD A. LEVIN, MD, PHD count both penetrance and expressivity. 8 Most lowpenetrance families have diseased-eye ratios less than 1.5, whereas families with complete penetrance typically have diseased-eye ratios of 1.5 or greater. Various mechanisms for low-penetrance retinoblastoma have been proposed, including immunologic factors, DNA methylation, epigenetic mechanisms, delayed mutation, host resistance factors, a second retinoblastoma locus, and modulator genes. 7, [9] [10] [11] [12] However, current evidence favors the idea that most low-penetrance retinoblastoma results from mutations at the RB gene locus. The nature of these variant mutations has been the subject of intense interest, and recent insights into the molecular function of pRB now allow greater understanding of the molecular basis of low-penetrance retinoblastoma.
GENETIC MECHANISMS OF LOW-PENETRANCE RETINOBLASTOMA
In one of the first reports of low-penetrance retinoblastoma, Strong et al 13 described a family that transmitted a constitutional chromosomal deletion involving the RB gene locus at chromosome 13q14, with unaffected carriers retaining a balanced insertional translocation. Although chromosomal rearrangements now appear to be a rare cause of low-penetrance retinoblastoma, this study was important in demonstrating that low-penetrance retinoblastoma could be caused by alterations at the RB locus without invoking other hypothetical mechanisms, such as those listed herein. With this in mind, it was suggested that low-penetrance RB gene mutations may be caused by weak alleles that can suppress tumorigenesis in the biallelic state (ie, 2 weak alleles) but not in the monoallelic state (ie, 1 weak allele).
In this model, mutations that result in only 1 copy of the weak allele, such as nondisjunction without reduplication or a small intragenic mutation, would lead to retinoblastoma (Figure 1) . Importantly, these mechanisms account for only about 40% of somatic mutations in retinoblastoma.
14 In contrast, mutations that lead to retention of both alleles, such as nondisjunction with reduplication or mitotic recombination, would be tumorigenic in full-penetrance retinoblastoma but not in the low-penetrance form. Since this latter group of mutations accounts for up to 60% of somatic mutations in retinoblastoma, 14 the weak allele model could at least partly account for the reduced penetrance and expressivity in low-penetrance retinoblastoma families.
MOLECULAR MECHANISMS OF LOW-PENETRANCE RETINOBLASTOMA
In recent work, the molecular nature of these weak RB gene alleles has become more clear. Nine different RB gene mutations have now been described in low-penetrance retinoblastoma families ( Table 1 and Table 2 ). 8, 12, [15] [16] [17] [18] [19] [20] These mutations fall into 2 functional classes: mutations that reduce the level of expression of normal pRB (class 1) and mutations that result in a mutant pRB that is partially inactivated (class 2). 21 Virtually all lowpenetrance mutations reported to date can be classified according to this scheme.
MUTATIONS THAT REDUCE THE EXPRESSION OF NORMAL pRB
Class 1 mutations, which appear to be less common than class 2 mutations, do not alter the structure or function of pRB, but they cause a reduction in the expression level of the normal protein (Table 1) . Two subtypes of class 1 mutations have been described: promoter mutations and splice site mutations. Point mutations within the RB gene promoter can cause low-penetrance retinoblastoma by interfering with the binding sites for transcription factors, such as SP1, ATF, and other proteins. 15, 16 The ATF and SP1 binding sites are known to be required for normal pRB expression 22 ; hence, these mutations presumably interfere with assembly of the transcriptional machinery at the promoter and thereby reduce efficient gene expression. Another interesting class 1 mutation affects a splice site at exon 21.
17 A G-to-A transition at the last base in exon 21 results in no change in the encoded amino acid (glutamine), but it reduces the match of the exon boundary acceptor site to the splicing consensus. Consequently, most of the transcribed messenger RNA from the mutant allele encodes a nonfunctional protein lacking exon 21, but about 10% of the messenger RNA encodes the normal protein. Presumably, this class of mutations causes low-penetrance retinoblastoma because 1 copy of the mutant RB allele produces a low level of pRB that is insufficient to prevent tumorigenesis.
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MUTATIONS THAT PARTIALLY INACTIVATE pRB
Class 2 low-penetrance mutations do not necessarily reduce the level of protein expression, but rather they af- Chromosomal events leading to tumorigenesis in retinoblastoma (RB) according to the Knudsen 2-hit hypothesis. 1 The first hit or mutation of the RB gene occurs in either the germline or a somatic cell (eg, retinoblast). The second hit, which is always a somatic event that disrupts the remaining RB allele, usually involves one of the indicated mechanisms (their approximate frequencies in retinoblastoma tumors are indicated).
14 The predicted result of the 2 hits (tumor vs no tumor) is indicated when the first hit involves a full-penetrance vs a low-penetrance mutation. These predictions are based on the assumption that 2 copies of a low-penetrance mutation are sufficient to suppress tumorigenesis. This mechanism could help to explain the phenomenon of low-penetrance retinoblastoma, since approximately 60% of second hits that are tumorigenic with full-penetrance mutations may not cause tumors with low-penetrance mutations. RB indicates RB gene mutation; wt, wild type.
fect the coding region of pRB and are thought to partially inactivate the protein (Table 2) . This idea is supported by the fact that most complete-penetrance mutations cause large truncations that globally disrupt protein structure and function, 23 whereas most lowpenetrance mutations are small in-frame deletions or point mutations that might have more subtle effects on the protein. Low-penetrance mutations could partially inactivate pRB, for example, by destabilizing the protein or eliminating a semiessential function. These and other potential mechanisms may be operative, 24 and recent advances in understanding the structure and function of pRB now allow us to explore in more detail the molecular basis of these mutations.
STRUCTURE AND FUNCTION OF pRB
The RB gene encodes a 105-kd nuclear phosphoprotein, pRB, which is a complex molecule with multiple binding sites and varied functions. The tumor suppressor function of pRB is due to, at least in part, its ability to inhibit cell cycle progression at the G 1 -to-S phase transition. This cell cycle regulatory function of pRB is largely due to its ability to bind and inhibit the E2F family of transcription factors that activate genes involved in cell division (Figure 2) . 25 The E2Fs bind to pRB in the pocket domain and also in the carboxy-terminal region of the protein. Thus, mutations at either of these locations could reduce binding to E2F.
Many other proteins bind to the pocket domain of pRB and may play a role in pRB-mediated cell cycle control. For example, pRB actively represses transcription of cell cycle genes by recruiting histone deacetylases (HDAC) and adenosine triphosphatases (eg, BRG1) to the promoters, where these enzymes remodel local chromatin structure into an inactive state. [25] [26] [27] Also, pRB may suppress tumorigenesis by other mechanisms such as induction of differentiation ( Figure 2) . 24 For example, pRB binds and inhibits the antidifferentiation factor Id2, 28 which was shown in a recent landmark article to be a critical target of pRB in development, differentiation, and possibly tumor suppression as well. 29 Other cancer-related proteins, such as HDM2 and c-abl, bind pRB at sites outside the pocket domain. Although the significance of these other binding domains is less clear than for the pocket, a number of studies have now confirmed the importance of these regions in tumor suppression. 30 Further understanding of the class 2 Figure 2 . The expanding role of the retinoblastoma protein (pRB) in tumor suppression. Initially, pRB was noted to inhibit cell cycle progression through binding to proliferative factors such as E2F. However, binding of pRB to histone deacetylases (HDAC), chromatin remodeling adenosine triphosphatases (eg, BRG1), and other proteins is also critical for its ability to control the cell cycle. In addition, pRB can also suppress tumorigenesis through mechanisms other than cell cycle control, such as by inducing differentiation. The ability of pRB to induce differentiation may be linked to its ability to bind proteins such as Id2 and myoD. Some low-penetrance mutations appear to result in the production of a mutant pRB that cannot control the cell cycle but can still induce differentiation. low-penetrance mutations may be gained by structurefunction analysis of each region of the pRB molecule.
THE POCKET DOMAIN
The pocket domain of pRB (amino acids 379-792) contains 2 highly conserved regions called the A and B boxes, which are separated by a less conserved spacer region (Figure 3) . 31 The A and B boxes interact to form the A-B pocket, which is required for binding to several classes of proteins: (1) those that contain the amino acid motif Lys-X-Cys-X-Glu (or LXCXE), including HDAC, BRG1, and the viral oncoproteins simian virus-40 large T-antigen, human papillomavirus E7, and adenovirus E1a, and (2) non-LXCXE proteins such as E2F. In the recent crystallographic solution of the pocket,thebindingsiteforLXCXEproteinswaselucidated. 31 Several important observations emerged from this study. First, the LXCXE binding site consists of 5 highly conserved amino acid residues that are separated in the linear polypeptide sequence. Second, the LXCXE binding site is located in the B box, but the B box only folds into an active conformation when it is complexed with the A box. This complex structure explains why both boxes are needed for the active pocket and why traditional mutational analysis failed to identify the binding site. This theme is repeated with other functional domains of pRB, which are often composed of residuesthatarediscontinuousinthelinearpeptidesequence but come into proximity when the protein assumes an active tertiary conformation or undergoes intramolecular interactions. 32 As an example of a low-penetrance mutation within the pocket, Cys712Arg (conversion of cysteine at residue number 712 to arginine) is a missense mutation that occurs within the B box. 20, 33 The fact that the mutant protein can undergo phosphorylation (a characteristic requiring a relatively normal protein conformation to be recognized by specific kinases) suggests that this mutation subtly destabilizes pRB without grossly disrupting its structure. 34 One potential insight into this mutation is its proximity to Lys-713, which is a key residue in the LXCXE binding site. 31 Mutation of Lys-713 leads to a partially defective pRB protein that cannot bind LXCXE-containing proteins such as HDAC 27 and has reduced tumor suppressor capacity (J.W.H., unpublished data, January 2001). The Cys712Arg mutant also has reduced binding to E2F, 34 and it may directly or indirectly destabilize the E2F binding site. Thus, this lowpenetrance mutation appears to partially inactivate pRB by reducing its binding affinity to LXCXE proteins and E2F.
THE CARBOXY-TERMINAL REGION
The importance of the carboxy-terminal region of pRB (amino acids 793-928) in tumor suppression was initially overlooked because most RB gene mutations truncate the protein upstream of this region, thereby masking its tumor suppression function. 23 However, it is now clear that the carboxy-terminal region is important for tumor suppression 30 and contains several functional sites, including a nuclear localizing signal, 35 a second binding site for E2F, 36 bindings site(s) for HDM2 and c-abl, 37, 38 7 consensus cyclin-dependent kinase (CDK) phosphorylation sites, and CDK docking sites ( Figure 3 ). 39 A lowpenetrance mutation in the carboxy-terminal region has provided important insights into the tumor suppressor function of this portion of the protein. 12 This mutation results in an in-frame deletion of exons 24 and 25, excising amino acids 830 through 887 and thereby removing the nuclear localizing signal, the HDM2/c-abl binding site(s), and part of the E2F binding site. 12 The mutant protein, as expected, has no binding to HDM2 and reduced binding to E2F. 12 Interestingly, it still has some residual nuclear localization, since sequences in the pocket can also mediate nuclear entry. 40 Thus, this mutant may retain enough E2F binding and nuclear localization to suppress tumors when expressed in a biallelic state. It is also possible that HDM2 binding constitutes a semiessential function in pRB-mediated tumor suppression, and loss of this function may become manifest as a tumor only in the monoallelic state.
THE AMINO-TERMINAL REGION
The amino-terminal region of pRB (amino acids 1-378) is the least understood portion of the protein. This region contains 6 consensus CDK phosphorylation sites, which may play a role in regulating pRB in the cell cycle. 41 In addition, this region contains binding sites for MCM7 (a replication licensing factor), 42 a novel kinase that phosphorylates both pRB and histone H1 in the G 2 /M phase of the cell cycle, 43 and other proteins (Figure 3 ). Mice that have A, The crystallographic structure of the pocket domain reported by Lee and coworkers, 31 illustrating the complex interaction between the A and B boxes. The green scale indicates the degree of conservation of amino acid residues across species. Note the high conservation throughout much of the pocket, especially around the interface between the A and B boxes. Note also the location of the E7 peptide, which is located at the LXCXE binding site. This binding site is in the B box, which in turn requires the presence of the A box to assume an active conformation. Reprinted with permission from Nature, been genetically engineered to lack pRB die before embryonic day 16 with severe developmental and apoptotic defects. 44, 45 Interestingly, expression of pRB lacking the aminoterminal region delayed this embryonic lethality, but it did not prevent it. 46 Similarly, this amino-terminal-deficient mutant delayed but did not prevent the pituitary tumors seen in mice heterozygous for RB gene deletion. 46 These results suggest that the amino-terminal region is important but not completely essential for pRB function and tumor suppression. Consistent with this notion, a mutation in the amino-terminal region has been shown to result in low-penetrance retinoblastoma, 18 but mutations specific for this region are rare in full-penetrance retinoblastoma. 23 This mutation causes an in-frame deletion of exon 4 (amino acids 127-166), removing the G 2 /M kinase binding site. The mutant protein also has reduced E2F binding affinity, but it can suppress colony formation in cultured tumor cells and has other tumor suppressor properties of normal pRB. 21, 24 Thus, this low-penetrance mutation appears to disrupt 1 or more semiessential functions in the aminoterminal region of pRB.
TERTIARY STRUCTURE OF pRB
We might overlook important molecular mechanisms of low-penetrance retinoblastoma if we examine only the linear proximity of mutations to binding sites and functional domains. The tertiary structure of pRB is enormously complex, and mutations at key structural residues can have profound effects on the overall protein structure. The recent crystallographic solution of pRB showed that the pocket domain, which consists of the conserved A and B boxes, forms a highly complex multifunctional unit that is held together by the A-B interface. 31 This interface is critical to the pocket structure and is formed by highly conserved amino acid residues from both the A and B boxes that form a hydrophobic core. 31 Mutations that disrupt the structural core of the A-B interface globally destabilize pRB and lead to a nonfunctional protein. As an example, Ser-567, a tumor-derived mutation in patients with bilateral retinoblastoma, 47 forms part of a critical hydrogen bond network at the A-B interface. Alteration of this residue by amino acid substitution leads to a nonfunctional protein that cannot bind E2F or suppress tumor colony formation. 32 Interestingly, we recently showed that phosphorylation of this site also disrupts the A-B pocket and may act as a potentially reversible mechanism for inactivating pRB during the cell cycle. 32 In contrast to this inactivating mutation, low-penetrance mutations subtly affect tertiary structure in a manner that allows the protein to retain some residual function. For example, Arg661Trp is among the most frequently reported low-penetrance mutations. 8, 19 Arg-661 is located in the B box and participates in hydrogen bonding with amino acid residues in the A box. Thus, Arg-661 may help to stabilize the A-B interface, but it does not appear to be a part of the core structure of the interface. 31 Thus, mutation of this residue may partially destabilize the A-B interface without grossly disrupting the pocket structure. This possibility is supported by the finding that the Arg661Trp mutant protein can be phosphorylated, and it approximates normal tumor suppressor activity at reduced temperature, suggesting that the protein may be relatively unstable but not grossly disrupted. 34 It is also intriguing that this mutant has minimal E2F binding activity but can still suppress tumor colony formation. This appears to be a result of its ability to induce differentiation, rather than its inhibition of the cell cycle. 24 It will be of interest to determine whether the Arg661Trp mutant induces differentiation by retention of binding to proteins involved in the differentiation program, such as Id2 and myoD.
Another low-penetrance mutation in the A box results in an in-frame deletion of Asn-480. 8 This residue is not part of a known binding or structural motif, but recent work 21, 34 has provided several clues to understanding the functional consequences of this mutation. The mutant protein can undergo phosphorylation, and it achieves normal tumor suppressor activity at reduced temperature, suggesting that deletion of Asn-480 reduces protein stability but does not globally disrupt protein structure. However, the protein has reduced binding to LXCXE proteins and minimal binding to E2F. The partial activity of this mutant pRB may derive, at least in part, from its residual pocket activity, which could allow it to interact with pocket-binding differentiation factors such as Id2 and myoD. The ability of this mutant to promote differentiation has not been investigated. It may also be noteworthy that Asn-480 is adjacent to Phe-482, a highly conserved and hydrophobic residue that is normally buried within the protein, suggesting that it may play an important structural role. 31 Deletion of Asn-480 could potentially cause Phe-482 to become exposed or otherwise compromised as a structural element.
CONCLUSIONS
Studies of low-penetrance retinoblastoma have yielded important new insights into the cellular function of pRB. These studies have already led to improved diagnostic testing and family counseling for retinoblastoma, and they may eventually inspire novel therapeutic strategies. Although the basis for low-penetrance retinoblastoma was initially attributed to immunologic factors or other mechanisms, it is now clear that most cases of low-penetrance retinoblastoma are due to a special class of mutations involving the RB gene. A classification scheme originally proposed by Otterson et al 21 can be further subdivided to account for virtually all low-penetrance mutations reported to date. The common theme in all of these mutations is a reduction in the quantity or quality of cellular pRB activity. Insufficient quantity of normal pRB may result from mutations in the promoter or splice site sequences. In contrast, pRB may be partially disabled by subtle mutations that globally reduce the stability and binding affinity of the protein or that locally perturb semiessential functions. The tumor suppressor activity of pRB derives both from its ability to arrest the cell cycle and to induce differentiation. Some lowpenetrance mutations appear to compromise preferentially one or the other of these functions, suggesting that regulation of the cell cycle and differentiation may play cooperative roles in tumor suppression by pRB. Further studies are needed to more clearly understand the mechanism of low-penetrance mutations and to apply this knowledge to improved care of patients with retinoblastoma.
